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I. SUMMARY 

Microscop ic  s i z e  measurements of two g r a d e s  of n i c k e l  f i b e r  have 
been made and t h e  mean, median,  r a n g e ,  and s t a n d a r d  d e v i a t i o n  
c a l c u l a t e d  f o r  l e n g t h  and d i a m e t e r .  Pho tomic rographs  of t y p i c a l  
p a r t i c l e s ,  cross  s e c t i o n a l  areas,  and as s i n t e r e d  s u r f a c e s  have 
been  o b t a i n e d  f o r  b o t h  g rades  of  n i c k e l  f i b e r  and c a r b o n y l  n i c k e l  
powder.  The l e n g t h  spec t rum of  n i c k e l  f i b e r s  r a n g c s  f rom sub-  
m i c r o s c o p i c  to  a p p r o x i m a t e l y  1500 m i c r o n s ;  t h e  a p p a r e n t  d i a m e t e r  
r a n g e s  f rom submic roscop ic  t o  a p p r o x i m a t e l y  50 m i c r o n s .  

The  p o r e  s i z e  d i s t r i b u t i o n  of two g r a d e s  o f  s i n t e r e d  metal  f i b e r s  
and c a r b o n y l  n i c k e l  powder as a f u n c t i o n  of  s i n t e r i n g  t e m p e r a t u r e  
are p r e s e n t e d ,  as  is t h e  e f f e c t  of a r o l l i n g  compact ion  o f  f i b e r  
metal upon t h e  p o r e  s i z e  d i s t r i b u t i o n .  I n  g e n e r a l  t h e  p o r e  s i ze  
d i s t r i b u t i o n  of  s i n t e r e d  c a r b o n y l  n i c k e l  powder v a r i e s  l i t t l e  w i t h  
s i n t e r i n g  t e m p e r a t u r e .  The median p o r e  s i z e ,  which is  a t  t h e  l o w  
end of t h e  10  t o  50 micron r a n g e ,  i n c r e a s e s  s l i g h t l y  a s  t h e  s i n t e r -  
i n g  t e m p e r a t u r e  is  i n c r e a s e d  f rom 1600°F t o  2000°F. 

.l 

The p o r e  s i z e  d i s t r i b u t i o n  of  s i n t e r e d  n i c k e l  f i b e r  is  a l s o  q u i t e  
i ndependen t  of  s i n t e r i n g  t e m p e r a t u r e .  The median p o r e  s i ze  is  a t  
t h e  h i g h  end of  t h e  10 t o  50 mic ron  r a n g e .  A r o l l i n g  c o m p a c t i o n ,  
which i n c r e a s e d  t h e  d e n s i t y  f rom 11% t o  14% of  t heo re t i ca l ,  
s i g n i f i c a n t l y  i n c r e a s e d  t h e  volume of v o i d s  i n  t h e  10 t o  50 mic ron  
r a n g e  and d e c r e a s e d  t h e  median p o r e  s i z e  5 t o  10  m i c r o n s .  

A s t u d y  of  t h e  e f f e c t  of s i n t e r i n g  t e m p e r a t u r e  upon t h e  d e n s i t y  of 
t w o  g r a d e s  of  n i c k e l  f i b e r  and c a r b o n y l  n i c k e l  powder i n d i c a t e s  
t h a t  t h e  d e n s i t y  of  c a r b o n y l  n i c k e l  powder i n c r e a s e s  r a p i d l y  a t  
t e m p e r a t u r e s  above 1600°F w h i l e  t h e  d e n s i t y  o f  n i c k e l  f i b e r  i n c r e a s e s  
s l i g h t l y  f rom 1600°F t o  2150°F. 

The r e l a t i v e  i n s e n s i t i v i t y  of  d e n s i t y  and p o r e  s i ze  d i s t r i b u t i o n  t o  
s i n t e r i n g  t e m p e r a t u r e  i n d i c a t e s  t h a t  i n t e r n a l  s u r f a c e  area,  elec- 
t r i c a l  c o n d u c t i v i t y ,  and s t r e n g t h  measurements  w i l l  d i c t a t e  t h e  
s i n t e r i n g  p a r a m e t e r s  t o  be used t o  o b t a i n  optimum p l a q u e  c h a r a c -  
t e r i s t ics .  



I I .  INTRODUCTION 

1. O b j e c t i v e s  

The p r imary  o b j e c t i v e  of t h i s  program is t h e  development  of  
f i b e r  metal n i c k e l  b a t t e r y  p l a q u e s  h a v i n g  minimum a p p a r e n t  
d e n s i t y  and maximum i n t e r n a l  s u r f a c e  area,  e l e c t r i c a l  conduc-  
t i v i t y ,  s t r e n g t h ,  and f l e x i b i l i t y .  The i n h e r e n t  a d v a n t a g e s  
o f  u s i n g  f i be r  metal f o r  t h i s  a p p l i c a t i o n  a r e :  

a .  High d e g r e e  of p o r o s i t y  o b t a i n a b l e .  

b .  C o n t r o l l a b i l i t y  of  p o r e  s i z e  and p o r e  
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s i z e  d i s t r i b u t i o n .  

c .  Large  s u r f a c e  area of  f i be r s .  

d .  Maximum i n t e r c o n n e c t e d  p o r o s i t y .  

e .  High s t r e n g t h  a t  h i g h  p o r o s i t y .  

f .  F o r m a b i l i t y  a f t e r  s i n t e r i n g .  

2 .  Program O u t l i n e  

The program o u t l i n e  d e f i n e s  f o u r  major t a s k s ,  A-D, which are 
summarized a s  f o l l o w s :  

Task  A .  R a w  Material C l a s s i f i c a t i o n  

Each raw mater ia l  used i n  t h e  program is  t o  be charac- 
te r ized  as t o  p a r t i c l e  s h a p e ,  s i z e ,  and s i ze  d i s t r i b u -  
t i o n .  Mic roscop ic  measurements  of f i b e r  l e n g t h  and 
diameter a re  t o  be supp lemen ted  by pho tomic rographs  
of as  s i n t e r e d  s u r f a c e s ,  cross s e c t i o n a l  areas, and 
shadographs  of  t y p i c a l  f i be r s  t o  p r e s e n t  b o t h  a 
s t a t i s t i ca l  and a v i s u a l  d e s c r i p t i o n .  

Task  B. S i n t e r i n g  S t u d y  

I t  is d e s i r e d  t o  es tabl ish t h e  h i g h e s t  s i n t e r i n g  temper-  
a t u r e  t h a t  w i l l  p roduce  a n  a c c e p t a b l e  amount of  s h r i n k a g e  
when t h e  s i n t e r i n g  t i m e  is h e l d  c o n s t a n t  a t  20 m i n u t e s .  
T h i s  i n f o r m a t i o n  w i l l  b e  used  i n  c o n j u n c t i o n  w i t h  
i n t e r n a l  s u r f a c e  area,  e l e c t r i c a l  c o n d u c t i v i t y ,  and 
s t r e n g t h  measurements  t o  a r r i v e  a t  optimum p l a q u e  
c h a r a c t e r i s t i c s .  
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Task C .  P l a q u e  C l a s s i f i c a t i o n  

P l a q u e  c l a s s i f i c a t i o n  w i l l  i n c l u d e  b o t h  p h y s i c a l  
and m e c h a n i c a l  t e s t i n g .  R e s i s t i v i t y ,  i n . t e r n a 1  
s u r f a c e  a r eau  d e n s i t y ,  p o r e  s i ze  d i s t r i b u t i o n ,  
m e c h a n i c a l  s t r e n g t h ,  arid E l e x i b i l i t y  w i l l  b e  
d e t e r m i n e d .  These d a t a  w i l l  be used  t o  d e t e r m i n e  
optimum p r o c e s s i n g  p a r a m e t e r s  and w i l l  be compi led  
f o r  each f i n a l  c o n f i g u r a t i o n  p l a q u e  made. 

Task D.  Specimen Samples  

A sample  of each tes t  p l a q u e  o n  w h i c h  t h e  class- 
i f i c a t i o n  tests were per formed s h a l l  be p r o v i d e d  
t o  t h e  NASA Project Manager. 

3 



111. EXPERIMEXTAL APPARATUS and PROCEDURES 

A ,  Microscopic  D e t e r m i n a t i o n  of f i b e r  l e n g t h  and d i a m e t e r .  

1. A p p a r a t u s  

L e i t z  M e t a l l u x  mic roscope  w i t h  micrometer s t age  and 
g r a d u a t e d  e y e p i e c e .  

2 .  P r o c e d u r e  

Mic roscop ic  s l i d e s  of A X 1  and AX2 n i c k e l  f i b e r s  were 
p r e p a r e d  b y  s u s p e n d i n g  a t y p i c a l  s ample  of f i b e r s  i n  a 
1% s o l u t i o n  of Carbopol  i n  water. A sample  d r o p  o f  
t h i s  s o l u t i o n ,  c o n t a i n i n g  s e v e r a l  hundreds  of f i b e r s ,  
w a s  p l a c e d  be tween t w o  g l a s s  s l i d e s .  The s l i d e  w a s  
mounted on t h e  micrometer s t age ,  i n d e x e d ,  and viewed 
th rough  t h e  g r a d u a t e d  e y e p i e c e .  A m a g n i f i c a t i o n  of l O O X  
w a s  used f o r  l e n g t h  measurements  and 200X f o r  d i a m e t e r  
measurements .  

To f a c i l i t a t e  measurements ,  l e n g t h  c lass  i n t e r v a l s  were 
d e f i n e d  as 2 5  mic rons  and d i a m e t e r  c lass  i n t e r v a l s  a s  
2 . 5  mic rons .  The l e n g t h  and diameter of each f i b e r  was 
estimated t o  t h e  a p p r o p r i a t e  c l a s s  i n t e r v a l .  D u p l i c a t e  
samples  were p r e p a r e d  and measured t o  d e t e r m i n e  t h e  
r e p r o d u c i b i l i t y  of t h e  t e c h n i q u e .  The r e s u l t i n g  d a t a  
were t a b u l a t e d  and t y p i c a l  h i s t o g r a m s  of p e r c e n t  t o t a l  
l e n g t h  versus c lass  i n t e r v a l  were p r e p a r e d .  

B. Po,rosimetrv Measurements 

1. A p p a r a t u s  

Aminco Winslow mercury i n t r u s i o n  p o r o s i m e t e r  w i t h  0.2 cm3 
p e w  t r o m e t e r  , 

2 .  P r o c e d u r e  

V o l u m e  mercury i n t r u d e d  v e r s u s  a b s o l u t e  p r e s s u r e  d a t a  
were o b t a i n e d  f o r  A X 1  and AX2 n i c k e l  f i b e r  and  c a r b o n y l  
n i c k e l  powder s i n t e r e d  i n  t h e  t e m p e r a t u r e  r a n g e  f rom 
1600'F t o  2150°F. A l l  s a m p l e s  were measured i n  t h e  a s  
s i n t e r e d  c o n d i t i o n .  A X 1  s a m p l e s  s i n t e r e d  a t  1600'F and 2000°F 
were also measured a f t e r  a r o l l i n g  r e d u c t i o n  of a p p r o x i m a t e l y  
25% t o  s h o w  t h e  e f f ec t  of r o l l i n g  and s u r f a c e  c o n d i t i o n  on  
p o r e  s i ze  d i s t r i b u t i o n ,  
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C .  Pho tomic rographs  

1. Appara tus  

L e i t z  M e t a l l u x  microscope  w i t h  P o l a r o i d  camera 
a t t a c h m e n t s .  

2 .  P r o c e d u r e  

Low m a g n i f i c a t i o n  (15x1 p h o t o g r a p h s  were t a k e n  of as 
s i n t e r e d  s u r f a c e s  of AX1 arid AX2 n i c k e l  f i b e r  s i n t e r e d  
a t  2000°F and c a r b o n y l  n i c k e l  powder s i n t e r e d  a t  1600°F .  

M e t a l l o g r a p h i c  mounts were made of t h e  above  s a m p l e s  by 
vacuum i m p r e g n a t i n g  them w i t h  a c a t a l y z e d  epoxy r e s i n .  
Pho tomic rographs  were t a k e n  p a r a l l e l  t o  t h e  f e l t i n g  p l a n e  
at  a m a g n i f i c a t i o n  of 210X. 

Shadographs  o f  A X 1  a n d  AX2 n i c k e l  f i b e r  and c a r b o n y l  
n i c k e l  powder were o b t a i n e d  a t  a m a g n i f i c a t i o n  o f  5 7 X  
t o  p e r m i t  a v i s u a l  compar ison  of t h e  t h r e e  p r imary  r a w  
mater ia l s .  

D.  S i n t e r i n g  S tudv 

1. Appara tus  

L indbe rg  r e t o r t  f u r n a c e  w i t h  a 12  x 26 x 8 i n c h  h o t  zone  
c a p a b l e  o f  2150°F w i t h  a d r y  hydrogen  a t m o s p h e r e .  

B u r r e l l  l a b o r a t o r y  f u r n a c e  w i t h  a 2 i n c h  d i a m e t e r  by 
15 i n c h  l o n g  h o t  zone  c a p a b l e  of  2150°F w i t h  a d r y  hydrogen  
a tmosphe re .  

2 .  P r o c e d u r e  

Sample f e l t s  b o t h  1 x 3 and 6 x 6 i n c h e s  were s i n t e r e d  f o r  
20 m i n u t e s  i n  d r y  hydrogen i n  t h e  t e m p e r a t u r e  r a n g e  f rom 
1600°F t o  2150°F.  A f t e r  s i n t e r i n g ,  d e n s i t y  c a l c u l a t i o n s  
were made from t h e  weight  arid volume of t h e  f e l t s .  

5 



IV. EXPERLMEhTAL RESCLTS and  DlSCUSSION 

T a s k  A ,  R a w  Material  C l a s s i f i c a t i o n  

A .  Fiber  Measuremen t s  

F r e q u e n c y  t a b u l a t i o n s ,  g i v e n  i n  'Tables I t h r o u g h  V I 1  i n  t h e  
Apperidix, were c o m p i l e d  f o r  each d e t e r m i n a t i o n  o f  f i b e r  
l e n g t h  and  d i a m e t e r .  The mean,  m e d i a n ,  r a n g e ,  a n d  s t a n d a r d  
d e v i a t i o n  f o r  AX1 a n d  A X 2  n i c k e l  f i b e r  were c a l c u l a t e d ( 1 2  
a n d  a r e  summar ized  i n  T a b l e  V l I I ,  

'The mean and  med ian  a p p a r e n t  diameter shown are more p r o b a b l y  
a w i d t h  measu remen t  d u e  t o  t h e  f i b e r s  s e t t l i n g  w i t h  t h e  

P h o t o m i c r o g r a p h s  o f  cross  s e c t i o n a l  a reas ,  F i g u r e s  1, 2 a n d  
3 and s h a d o g r a p h s  o f  t y p i c a l  f i b e r s ,  F i g u r e s  4 ,  5 and  6 
a l s o  i n d i c a t e  t h a t  t h e  s h a p e  o f  t h e  f i b e r s  is  q u i t e  i r r e g u l a r  
i n  c o n t r a s t  t o  t h e  powder p a r t i c l e s  wh ich  are more  r e g u l a r  i n  
cross s e c t i o n  and  h a v e  much lower ( n o t  m e a s u r e d )  l / d  r a t i o .  

w i d e s t  l a t e r a l  d i m e n s i o n s  n o r m a l  t o  t h e  v i e w i n g  p l a n e  (2) 

I t  i s  e v i d e n t  f rom t h e  a b o v e  t h a t  a p r e c i s e  g e o m e t r i c a l  
d e s c r i p t i o n  o f  t h e  f i b e r s  employed  i n  t h i s  p r o g r a m  is n o t  
p o s s i b l e .  -The m i c r o s c o p i c  m e a s u r e m e n t s  s u p p l e m e n t e d  b y  t h e  
p h o t o m i c r o g r a p h s  and  s h a d o g r a p h s  d o  a f f o r d  a n  o v e r a l l  
d e s c r i p t i o n  o f  t h e  f i b e r s  and  of t h e  d i f f e r e n c e  b e t w e e n  
A X 1  and A X 2  f i b e r s .  

A test f o r  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  two s t a n d a r d  
d e v i a t i o n s ,  t h e  F tes t  13)  
i n a t i o n s  of f i b e r  ler igtn and  d i a m e t e r .  The r e s u l t s  show t h a t  
t h e r e  is no s i g n i f i c a n t  d i f f e r e n c e  a t  t h e  5% l e v e l  o f  s i g n i f -  
i c a n c e .  T h i s  is a n  i n d i c a t i o n  t h a t  t h e  c o u n t i n g  p r o c e d u r e  i s  
r e p r o d u c i b l e  and  t h a t  t h e  r e s u l t i n g  f r e q u e n c y  d i s t r i b u t i o n s  
are t y p i c a l  o f  t h e  e n t i r e  p o p u l a t i o n  

was made of t h e  d u p l i c a t e  d e t e r m -  

F r e q u e n c y  d i s t r i b u t i o n  h i s t o g r a m s  s h o w i n g  p e r c e n t  o f  t o t a l  
measu remen t  v e r s u s  c lass  i n t e r v a l  a re  shown i n  F i g u r e s  7 and  8 
f o r  A X 2  n i c k e l  f i b e r  l e n g t h  a n d  d i a m e t e r  r e s p e c t i v e l y .  T h e s e  
h i s t o g r a m s  are t y p i c a l  o f  t h o s e  f o r  t h e  o t h e r  ma te r i a l s ,  i n  
t h a t  t h e  h i s t o g r a m  s h a p e s  are  s i m i l a r  i n  a l l  cases.  

C 1 ) S u p e r s c r i p t s  r e f e r  t o  s i m i l a r l y  numbered  e n t r i e s  i n  t h e  B i b l i o g r a p h y .  
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TABLE VI11 

Mater i 41 

A X 1  

AX2 

Carbonyl  
Nicke l*  

Summary of Frequency T a b u l a t i o n  Data 

Mean 

1 1 . 2  

1 4 . 9  

Diameter - Microns 

Median 

5 -7 .5  

10-12.5 

2.9-3.6 

Standa rd  
D e v i a t i o n  

, lo .  3 

11.5 

Range 

1-50 

1-50 

Mean 

139 

159 

I Length - Microns 

Median 

88-112 

88-112 

*Data o b t a i n e d  from I n t e r n a t i o n a l  N i c k e l  Company. 

S t a n d a r d  
D e v i a t i o n  

163  

178 

Range 

13-1500 

13-1500 

The major  s i g n i f i c a n t  d i f f e r e n c e  between A X 1  and AX2 n i c k e l  f i b e r  i s  t h e  
a p p a r e n t  d i a m e t e r .  A s  shown above t h e  mean d i a m e t e r  of AX2 n i c k e l  f i b e r  
is a p p r o x i m a t e l y  30% l a r g e r  t h a n  t h a t  of A X 1  f i b e r .  

7 



Fig. 1 Photomicrograph of AX1 Nickel 
fiber sintered plaque. 
Section i s  para1 le1 to felting 
plane x210 

1 1  % Dense. 

Fig. 2 Photomicrograph of AX2 Nickel 
fiber sintered plaque. 12% Dense. 
Section i s  parallel to felting 
plane x210 
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Fig. 3 Photomicrograph of Carbonyl Nickel 
powder sintered plaque. 18% Dense. 

x210 

Fig. 4 Shadograph of AX1 Nickel fiber. 
x57 
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I Fig. 5 

Fig. 6 

Shadograph of AX2 Nickel fiber. 
x57 

Shadograph of Carbonyl Nickel powder. 
x57  
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B. porosimetry Measurements 

Porosimetry data as a function of material and sintering 
temperature are summarized in Table 1X. 

It is apparent that there are few closed pores in any of the 
samples and that increasing sintering temperature tends to 
develop larger pores. Table X, a tabulation of the percentage 
of void volume due to pores 10 to 50 microns in diameter, 
shows that all samples,have an appreciable proportion of 
porosity in the desired range. In the case of fibers, this 
proportion may be increased significantly by a rolling operation. 

Task B .  Sintering Study 

The effect of sintering temperature at constant time upon the 
density of AX1 and A X 2  nickel fiber and carbonyl nickel 
powder is shown in Figure 9 .  

The density of fiber metal is increased only slightly over 
the entire temperature range investigated. The results of 
this sintering study and the porosimetry data indicate that 
the sintering temperature has a relatively small effect upon 
the density and pore size of fiber metal. Consequently; the 
results of internal surface area, electrical conductivity, 
and strength measurements will dictate the sintering parameters 
to be used. 

Photographs (15X) of as sintered surfaces of nickel fiber metal 
and carbonyl nickel powder are shown in Figures 10, 11, and 12. 

13 



TABLE I X  

- - -  F i b e r  Metal A s  R o l l e d  

A X 1  N i c k e l  1600 . 2 0 1  .032  .164 8 4 . 1  8 1 . 6  9 7 . 0  3 4 . 3  
2000 .200  .032 . 1 6 5  8 4 . 0  8 2 . 5  9 8 . 2  4 0 . 7  

Poros ime t ry  Data f o r  A X 1  and AX2 N i c k e l  F i b e r  and 
Carbonyl  N i c k e l  Powder S i n t e r e d  a t  Var ious  Tempera tures  

E F 

8 5 . 6  9 8 . 7  
8 2 . 3  9 7 . 8  

86D7 
.026  .135 8 4 . 1  

/ S i n t e r i n g  I 
G 

3 8 . 9  
3 7 . 2  

F i b e r  Metal Temp."F A 

. 180 

. 164 

. l 5 5  

.170  

. 168 

.152 

.166  

A X 1  N i c k e l  

A.'.2 N i c k e l  

. 149 

1600 
18 00 
2000 
2150 

1600 
1800 
2000 
2150 

Cx-bony1 N i  . 2 0 1  

.130  

.140  

.144 

. 1 2 9  

.137  

.122  

.162  

.164 
I I 

85 .8  8 3 . 9  9 7 . 7  4 7 . 3  
8 5 . 3  8 2 . 4  9 6 . 6  4 7 . 3  

8 6 . 3  8 5 . 7  9 9 . 3  4 7 . 9  
85 .5  8 4 . 9  9 9 . 2  5 1 . 5  
8 4 . 3  8 2 . 5  9 7 . 8  4 3 . 8  
8 3 . 9  8 1 . 9  9 7 . 6  5 2 . 2  

8 1 . 0  8 0 . 6  9 9 . 3  1 0 . 0  
7 4 . 8  7 3 . 9  98.8 1 5 . 9  

.022  

.025  

.023  

.022 

.026  

.024 

.038  

.056  

A ,  

B Met31 v a l . ,  c c  = w t .  of sample  + s p .  g r a v i t y  of meta l .  
c " ' e r cu ry  i n t r u s i o n  volume, cc = v o l  of m e r c u r y  f o r c e d  i n t o  1 . 7 5  

D 7 a t a l  p o r e  volume, % of sample v o l .  : 

E A v a i l a b l e  po re  v o l u m e  ( l a r g e r  t h a n  1 m i c r o n ) ,  % of sample  v o l .  : 

F A v a i l a b l e  po re  volume ( l a r g e r  t h a n  1 m i c r o n ) ,  % of t o t a l  p o r e  v o l . :  

G Median p o r e  s i z e ,  mic rons  = measured p o r e  d i a m e t e r  a t  50% of t o t a l  
mercury i n t r u s i o n  v o l .  

Sample v o l . ,  c c = w t .  of mercury d i s p l a c e d  by sample  a t  1 . 7 5  p s i a  (1 )  
i s p .  g r a v i t y  of m e r c u r y .  

p s i a  and 175  p s i a  (2 j . 

100 (A-B)/A e 

100 (C)/A. 

1OOC/  (A-B) . 

(1) Only p o r e s  l a r g e r  t h a n  100 mic rons  a re  i n t r u d e d  by mercury a t  1 . 7 5  p s i  
(2) O n l y  p o r e s  l a r g e r  t h a n  1 micron  are  i n t r u d e d  by mercury  a t  175  p s i  

14 



TABLE X 

Material 
-_.-- 

AX'I Ni 

4x2 Si. 

Carbonyl 3i 

A X 1  N i  
R o  11 Reduced 
by 25% 

Tabula t ion  of Percent  of Void Volume d u e  t o  
Pores  10 'to 50 Microns i n  D i a m e t e r  

3 i n t er i ng 
Temp. "F 

1600 

2000 

1600 

2000 

1600 

2000 

1600 

2000 

---- 
A 

1 0 . 0  

1 0 . 7  

10 .4  

1 2 . 3  

1 7 . 5  

22.6 

1 4 . 2  

1 4 . 1  

-----I__ 

B 

0.154 

0.130 

0.144 

0 . 1 3 7  

0.162 

0.164 

0.164 

0 .165  

C 

0.214 

0 .183  

-- 

0.198 

0 .185  

0.185 

0 .192  

0.193 

0 .195  
ll_l 

D 

0.106 

0.072 

0.073 

0 .077  

0.080 

0.100 

0.144 

0.155 

E 

4 9 . 5  

3 9 . 3  

3 6 . 9  

41 .6  

43 .2  

52 .0  

74 .6  

59.0 

F 

6 8 . 9  

55 .4  

50.7 

56.2 

4 9 . 3  

6 0 . 9  

8 7 . 8  

70.0 

A =.- Ibensity, % of t h e o r e t i c a l  

B = T o t a l  i n t ruded  p o r o s i t y ,  c m  3 (1) 

c = T o t a l  porosity of sample,cm3 

D = Volume of pores  between 10 and 50 microns 

E = Pore volume d u e  t o  10 t o  50 micron p o r e s ,  % of t o t a l  volume 

F = Pore volume d u e  t o  10 t o  50 micron p o r e s ,  % of t o t a l  i n t r u d e d  
volume. 

(1) Volume of pores  1 t o  100 microns i n  d i a m e t e r .  
15 
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Fig. 10 Photograph of as-sintered surface 
af AX1 Nickel fiber. X15 

Fig. 1 1 Photograph of as-sintered surface 

of AX2 Nickel fiber. X15 
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Fig. 10 Photograph of as-sintered surfack 
of AX1 Nickel fiber. X15 

Fig. 1 1 Photograph of as-sintered surface 

of AX2 Nickel fiber. X15 
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Fig. 12 Photograph of as-sintered surface 
of Carbonyl Nickel powder. X15 



V .  FUTURE WORK 

Work during 'the next reporting period will 
be directed primarily at obtaining internal 
surface area, electrical conductivity, and 
strength measurements, for all three primary 
raw materials, as a function of sintering 
temperature. 
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VII .  GLOSSARY 

1. 

2. 

3. 

4 .  

5. 

Type A fiber - Fiber produced by a proprietary process 
ranging in mean diameter from 3 to 30 
microns. 

Type B fiber - Fiber derived from metal wool. 

Type C fiber - Fiber derived from metal wire. 

Fiber grade - Generally defines the fiber diameter. 
Since in type A and B the diameter is 
not constant, the grade designation is 
preferred to a mean diameter designation. 

Fiber type and grade 

To avoid cumbersome discussions the type and grade of 
fiber used in a given specimen will be reduced to such 
terminology as AX1, meaning type A fiber Grade X1. 
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VI I I . APPENDIX 

Frequency Tabulations. 
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L 

LIST of SYMBOLS 

F = Frequency  

X = Class  Midpoin t  

N = Number of Samples  

SD = S t a n d a r d  D e v i a t i o n  

- 
Vean -= c FX = x  

N 

Median = Value of N- t h  s a m p l e  
2 

L N - l  

A - 2  



TABLE I 

FX 

Frequency Tabula t ion  of F iber  Length of A X 1  Nicke l  F ibe r  

FX % Length 
Class 
P rsterval 
'v1 LCTO/';S 

13-37 
38-62 
63-8; 
88- 1 L2 

I13- 137 
138- 162 
163-187 
188-212 
213-237 
238-262 
263-287 
288-312 
313-337 
338-362 
3ti3-387 
388-412 
413-437 
438-462 
463-487 
488-512 
513-537 
538-562 
563-587 
588-612 
613-637 
638-662 
663-687 
688-712 
788-812 
888-912 
988-1012 

1188-1212 
1288-1312 
1488- 1512 

XL Class 
Midpoint 

X 

25 
50 
75 

100 
12 5 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
650 
675 
700 
800 
900 

1000 
1200 
1300 
1500 

FXL 
SamDle 1 

Frequency 

F 

228 
193 
111 

1 135 
14 3 

74 
62 
74 
35 
28 
18 
35 
12 
15  
12 
16 
8 
9 

10 
11 
4 
5 
3 
3 
4 
5 
5 

11 
2 
2 
2 
1 
1 
1 

5700 
9650 
8325 

13500 
17875 
11100 
12950 
14800 

7875 
7000 
4950 

10500 
3900 
52 50 
4 500 
64 00 
3400 
40 50 
4750 
5500 
2 100 
2750 
1725 
1800 
2500 
3250 
3375 
7700 
1600 
1800 
2000 
1200 
1300 
1500 

of 
T o t a l  

2 . 9  
4 . 9  
4 . 2  
6 . 9  
9 . 1  
5 . 6  
6 . 6  
7 . 5  
4 . 0  
3 . 6  
2 . 5  
5 . 3  
2 . 0  
2 . 7  
2.3 
3 . 3  
1 . 7  
2 . 1  
2 . 4  
2 . 8  
1.1 
1 . 4  
0 . 9  
0 . 9  
1 .3  
1 . 7  
1 . 7  
3 . 9  
0 . 8  
0 . 9  
1 . 0  
0 . 6  
0 . 7  
0 . 8  

625 
2500 
5625 

10000 
15625 
22500 
30625 
40000 
50625 
62500 
75625 
90000 

105625 
122500 
140625 
160000 
180625 
202500 
225625 
250000 
275625 
302500 
330625 
360000 
390625 
422500 
455625 
490000 
640000 
810000 

1000000 
1440000 
1690000 
2250000 

142500 
482500 
624375 

1350000 
2234375 
1665000 
1898750 
2960000 
1771875 
1750000 
1361250 
3150000 
1267500 
1837500 
1687500 
2560000 
1445000 
1822500 
2256250 
2750000 
1102500 
1512500 

991875 
1800000 
1562500 
2112500 
2278125 
5390000 
1280000 
1620000 
2000000 
1440000 
1690000 
2250000 

Mean 154 
Median 88-112 
Standard  

Dev ia t ion  158 
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TABLE 11 

XL 

Frequency Tabula t ion  of F ibe r  Length of A X 1  Nickel  F ibe r  

F XL Length 
Class 
I n t  erva 1 
Microns - 

13-37 
38-62 
63-87 
88-112 

113- 137 
138-162 
163- 187 
188-2 12 
213-237 
238-262 
263-287 
288-312 
313-337 
338-362 
3 6 3 - 3 8 7 
388-412 
413-437 
438-462 
463-487 
a; 8 7 - 5 12 
513-53 7 
538-562 
563-587 
588-612 
613-637 
638-662 
663-687 
688-712 
788-812 
888-912 
988-1012 

1188-1212 
1188-2212 

C l a s s  
Midpoint 

X 

2 5  
50 
75 

100 
1 2 5  
150 
175 
200 
225 
250 
275 
300 
325 
3 50 
375 
400 
425 
4 50 
475 
500 
52 5 
550 
575 
600 
625 
650 
675 
700 
750 
800 
900 

1000 
1200 

Frequency 

F 

3 12 
151 
96 

’ 151 
72 
4 1  
22 
38 
23  
12  
7 

2 1  
6 

12 
6 
8 
7 
4 
4 

12  
0 
4 
1 
1 
2 

10 
2 
6 
2 
3 
2 
5 
3 

Sample 
FX 

-.- 

7800 
7550 
7200 

15100 
9000 
61.50 
3650 
7600 
5175 
3000 
1925 
6300 
1950 
4200 
2250 
3200 
2975 
1800 
1900 
600 

0 
2200 

575 
600 

1250 
6500 
13 50 
4300 
1500 
2400 
1800 
5000 
3600 

Mean 125 
Median 88-112 
Standard 

Devia t ion  169 

A - 4  

FX % 
of 

T o t a l  

6 . 0  
5 . 8  
5 . 5  

1 1 . 6  
6 . 9  
4 . 7  
3 . 0  
5 .8  
4 . 0  
2 . 3  
1 . 5  
4 . 8  
1 . 5  
3 . 2  
1 . 7  
2 . 5  
2 . 3  
1 . 4  
1 . 4  
0 . 5  

c! 
1 . 7  
0 . 4  
0 . 5  
1 . 0  
5 . 0  
1 . 0  
3 . 2  
1.1 
1 . 8  
1 . 4  
3 . 8  
2 . 8  

625 
2500 
5625 

10000 
15625 
22500 
30625 
40000 
50625 
62500 
75625 
90000 

105625 
122500 
140625 
160000 
180625 
202500 
225625 
250000 
275625 
302500 
350625 
3 G O O O O  
390625 
422500 
455625 
490000 
562500 
640000 
8 10000 

1000000 
1440000 

195000 . 
377500 
540000 

1510000 
1125000 

922500 
673750 

1520000 
1164375 

750000 
529375 

1890000 . 
633750 

1470000 
843750 . 

1280000 
12 64 3 7 5 
810000 
902500 

3000000 
0 

1210000 
330625 
360000 
78 12 50 

4225000 
911250 

2940000 
1125000 
1920000 
1620000 
5000000 . 

4320000 . 



TABLE 111 

Frequency Tabula t ion  of F ibe r  Length of AX2 Nicke l  F i b e r  

Length 
C l a s s  
I n t e r  va 1 
Microns 

13-37 
38-62 
63 -8': 
58-112 

113- 137 
138-162 
163-187 
188-212 
213-237 
238-262 
263-287 

313-337 

363-387 

288-312 

328-362 

388-412 
413-437 
438-462 
463-487 
488-512 
513-537 
538-562 
563 - 58 7 
588-6 12 
613-637 
638-662 
663-687 
688-712 

'788-8 12 
813-837 
838-862 

737-762 

913-937 
988 - 10 12 

1013-1037 

C Lass 
M i d p o i n t  

X 

25 
50 
7 5 

100 
12 5 
150 
175 
200 
225 
250 
275 
300 
325 
3 50 
375 
400 
425 
4 50 
475 
500 
525 
550 
57s 
600 
625 
6 50 
675 
700 
7 50 
800 
825 
8 50 
925 

1000 
1025 

Frequency 

F 

119 
56 

1 4 1  
49  
38 
18 
16 
30 
8 

12 
1 
9 
8 
8 
5 
4 
3 
5 
2 
1 
2 
2 
1 
1 
4 
1 
4 
4 
1 
1 
1 
1 
1 
1 
1 

SamDle 1 
FX 

2975 
2800 
3075 
4900 
4750 
2700 
2800 
6000 
1800 
3000 

275 
2700 
2600 
2800 
1875 
1600 
1275 
2250 

9 50 
500 

1050 
1100 

575 
600 

2500 
650 

2700 
2800 

750 
800 
825 
850 
925 

1000 
1025 

FX % 
of 

T o t a l  

4 . 3  
4 . 0  
4 . 4  
7 . 0  
6 . 8  
3 . 9  
4 . 0  
8 . 6  
2 . 6  
4 . 3  
0 . 4  
3 . 9  
3 . 7  
4 . 0  
2 . 7  
2 . 3  
1 .8  
3 . 2  
1.3 
0 . 7  
1 . 5  
1 . 6  
0 . 8  
0 . 9  
3 . 6  
0 . 9  
3 . 9  
4 . 0  
1.1 
1.1 
1 . 2  
1 . 2  
1 .3  
1 . 4  
1 . 5  

XL 

625 
2500 
5625 

10000 
15625 
22500 
30625 
40000 
50625 
62500 
75625 
90000 

105625 
122500 
140625 
160000 
180625 
202500 
225625 
250000 
275625 
302500 
330625 
360000 
390625 
422500 
455625 
490000 
562500 
640000 
680625 
722500 
855625 

1000000 
1050625 

- 
F X L  

74375 
140000 
230625 
490000 
593750 
405000 
490000 

1200000 
405000 
750000 

75625 
810000 
845000 
980000 
703125 
640000 
541875 

1012500 
445250 
250000 
551250 
605000 
330625 
360000 

1562500 
422500 

1822500 
1960000 

562500 
640000 
680625 
722500 
855625 

1000000 
1050625 

Mean 152 
Median 88-112 
S t  and  ar d 

'\ 

Devia t ion  172 
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TABLE I V  

Frequency Tabula t ion  of F ibe r  Length of AX2 Nicke l  F ibe r  

Length 
C l a s s  
I n t e r v a l  
Microns 

I 

13-37 
38-62 
63-87 
88-112 

113- 137 
138-162 
163-187 
188-212 
213-237 
238-262 

I 263-287 
288-312 
313-337 
338-362 
363-387 
388-4 12 
413-437 
438-462 
4Ci7-487 
488-512 
513 537 
538-562 
5 b 7 - 58 7 
5h8-6 12 
6 L3-637 
638-662 
663-687 
688-712 
738-762 
788-812 
888-912 
988- 1012 

1238-1262 
1338-1362 
1488-1512 

I 

Class 
Midpoint 

X 

25 
50 
75  

100 
12 5 
150 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 
525 
550 
575 
600 
625 
6 50 
675 
700 
7 50 
800 
900 

1000 
12 50 
13 50 
1500 

Mean 167 
Median 88-112 
Standard 
Devia t ion  183 

Frequency 

F 

66 
85 
56 
65 
46 
29 
8 

28 
13 
12 
4 

15 
4 
5 
5 
8 
5 
6 
2 

10 
2 
2 
2 
1 
0 
1 
0 
6 
2 
2 
1 
2 
1 
1 
1 

Sample : 
FX 

16 50 
4250 
4200 
6500 
5750 
4350 
1400 
5600 
2925 
3000 
1100 
4500 
1300 
1750 
1875 
3200 
2 125 
2700 

9 50 
5000 
1050 
1100 
1150 
600 

0 
650 
0 

4200 
1500 
1600 

900 
2000 
1250 
1350 
1500 

A-6 

FX% 
of 

T o t a l  

2 . 0  
5 . 1  
5 . 1  
7 . 8  
6 . 9  
5 . 2  
1 . 7  
6 . 7  
3 . 5  
3 . 6  
1 . 3  
5 . 4  
1 . 6  
2 . 1  
2 . 3  
3 . 9  
2 .6  
3.2 
1.1 
6 . 0  
1.3 
1 .3  
1 . 4  
0 . 7  

0 
0 .8  

0 
5 . 1  
1.8 
1 . 9  
1.1 
2 . 4  
1 . 5  
1.6 
1.8 

625 
2500 
5625 

10000 
15625 
22500 
30625 
40000 
50625 
62500 
75625 
90000 

105625 
122500 
140625 
160000 
180625 
202500 
225625 
250000 
275625 
302500 
330625 
360000 
390625 
422500 
455625 
490000 
562500 
640000 
810000 

1000000 
1562500 
1822500 
2250000 

F X’ 

41250 
212500 
315000 
650000 
718750 
652500 
245000 

1120000 
658125 
750000 
302500 

1350000 
422500 
612500 
703125 

1280000 
903125 

1215000 
451250 

2500000 
551250 
605000 
661250 
360000 

0 
422500 

0 
2940000 
1125000 
1280000 
810000 

2000000 
1562500 
1822500 
2250000 



D i a m e t e r  
Class  

1 n t e r va  1 
Micron 

1 - 3 . 7  
3 . 8 - 6 . 2  
6 . 3 - 8 . 7  
8 . 8 - 1 1 . 2  

1 1 . 3 - 1 3 . 7  
1 3 . 8 - 1 6 . 2  
16 ~ 3 - 1 8 . 7  
1 8 . 8 - 2 1 . 2  
2 1 . 3 - 2 3 . 7  
23 8-26 .2  
2 6 . 3 - 2 7 . 5  
2 8 . 8 - 3 1 . 2  
3 1 . 3 - 3 3 . 7  
3 3 . 8 - 3 6 . 2  
3 6 . 3 - 3 8 . 7  
38 .8 -4  1 . 2  
4 1 . 3 - 4 3 . 7  
4 3 . 8 - 4 6 . 2  
4 6 . 3 - 4 8 . 7  
4 8 . 8 -  50 

TABLE V 

F r e q u e n c y  T a b u l a t i o n  of F i b e r  D i a m e t e r  of AX2 N i c k e l  F i b e r  

C l a s s  
M i d p o i n t  

X 

2 . 5  
5 . 0  
7 . 5  

1 0 . 0  
1 2 . 5  
1 5 . 0  
1 7 . 5  
2 0 . 0  
2 2 . 5  
2 5 . 0  
2 7 . 5  
3 0 . 0  
3 2 . 5  
3 5 . 0  
3 7 . 5  
4 0 . 0  
4 2 . 5  
4 5 . 0  
4 7 . 5  
5 0 . 0  

F r e q u e n c y  

F 

47  
44 
43  
34 
35 
2 5  
20 
16 
9 

13 
6 

14 
4 
4 
8 
4 
6 
4 
3 
9 

Sample  1 
FX 

1 1 7 . 5  
220 .0  
3 2 2 . 5  
3 4 0 . 0  
4 3 7 . 5  
3 7 5 . 0  
350 .0  
3 2 0 . 0  
2 0 2 . 5  
3 2 5 . 0  
1 6 5 . 0  
4 2 0 . 0  
1 3 0 . 0  
1 4 0 . 0  
3 0 0 . 0  
160 .0  
2 5 5 . 0  
180 .0  
1 4 2 . 5  
4 5 0 . 0  

FX % 
of 

T o t a l  

2 . 2  
4 . 1  
6 . 0  
6 . 4  
8 . 2  
7 . 0  
6 . 5  
6 . 0  
3 .8  
6 . 1  
3 . 1  
7 . 8  
2 . 4  
2 . 6  
5 . 6  
3 . 0  
4 . 8  
3 . 4  
2 . 7  
8 . 4  

- 
XL 

6 
25  
56 

100 
156 
225 
306 
400 
506 
625 
7 56 
900 

1056 
1225 
1406 
1600 
1806 
2025 
2256 
2500 

F X' 

282 
1100 
2408 
3400 
5460 
5625 
6120 
6400 
4 554 
8125  
4536 

12600 
4224 
4900 

11248 
6400 

10836 
8100 
6768 

22500 

Mean 1 5 , 4  
Median  10 .0 -12 ,5  
Standard 
Deviation 12.4 

A-7 



TABLE V I  

Frequency T a b u l a t i o n  of F i b e r  D i a m e t e r  of AX2 N i c k e l  F i b e r  

D i a m e t e r  

I n t e r v a l  
Micron 

Class  - 

1 - 3 . 7  
3 . 8 - 6 . 2  
6 . 3 - 8 . 7  
8 3 - 1 1 . 2  

11 .3 -13 .7  
13 .8-16 .2  
16 .3 -16 .7  
18.8-3 1 . 2  
21.3-23 ; 7  
23 .8-26 .2  
2 6 . 3 - 2 7 . 5  
28 .8-31 .2  
31 .3 -33 .7  
33 8 -36 .2  
3 6 . 3 - 3 8 . 7  
38 .8-4  1 . 2  
4 1 . 3 - 4 3 . 7  
43 .8 -46 .2  
46 .3 -48 .7  
48 .8 -  50 

-- -- _-_- - 

C l a s s  
Midpoint  

X 

2 . 5  
5 . 0  
7 . 5  

10,o 
1 2 . 5  
1 5 . 0  
1 7 . 5  
2 0 . 0  
2 2 . 5  
2 5 . 0  
2 7 . 5  
3 0 . 0  
3 2 . 5  
35 .0  
3 7 . 5  
4 0 . 0  
4 2 . 5  
4 5 . 0  
4 7 . 5  
5 0 . 0  

!Vie an  1 4 . 1  
Median 1 0 . 0 - 1 2 . 5  

D e v i a t i o n  1 1 . 4  
I Standa rd  

Frequency 

F 

69  
48  
54 
48  
29 
31 
30 
23 
16 
28 

9 
1 5  
3 
8 
6 
3 
3 
3 
1 
4 

Sample 2 

FX 

1 7 2 . 5  
2 4 0 . 0  
4 0 5 . 0  
4 8 0 . 0  
3 6 2 . 5  
4 6 5 . 0  
5 2 5 . 0  
4 6 0 . 0  
3 6 0 . 0  
7 0 0 . 0  
2 4 7 . 5  
4 5 0 . 0  

9 7 . 5  
2 8 0 . 0  
2 2 5 - 0  
1 2 0 . 0  
1 2 7 . 5  
1 3 5 . 0  
4 7 . 5  

2 0 0 . 0  

FX % 
Of 

T o t a l  

2 . 8  
3 . 9  
6 . 6  
7 9  
5 . 9  
7 . 6  
8 . 6  
7 . 5  
5 . 9  

11.5 
4 . 1  
7 . 4  
1 . 6  
4 . 6  
3 . 7  
2 . 0  
2 . 1  
2 . 2  
0 . 8  
3 . 3  

6 
25  
56 

100 
156 
225 
306 
400 
506 
625 
756 
900 

1056 
1225 
1406 
1600 
1806 
2025 
2256 
2500 

- 
FX' 

4 3  1 
1200 
3024 
4800 
4 524 
6975 
9180 
9200 
8096 

17500 
6804 

13500 
3 168 
9800 
8436 
4800 
54 18 
6075 
2256 

10000 

I A-8 

~ ~ 



TABLE V I 1  

Diameter I Class  Frequency FX FX % XL 
C l a s s  

I n t e r v a  1 
Micron 

FXL 

Frequency  T a b u l a t i o n  of F i b e r  D i a m e t e r  of A X 1  N i c k e l  F i b e r  

Sample 1 

1-3 .7  
3 . 8 - 6 . 2  
6 . 3 - 8 . 7  
8 . 8 - 1 1 . 2  

1 1 . 3 - 1 3 . 7  
1 3 . 8 - 1 6 . 2  
1 6 . 3 - 1 8 . 7  
18.8 - 2 1 . 2  
2 1 . 3 - 2 3 . 7  
23 .8 -26 .2  
26 .3-28  e 7 
2 8 . 8 - 3 1 . 2  
3 1 . 3 - 3 3 . 7  
3 3 . 8 - 3 6 . 2  
3 6 . 3 - 3 8 . 7  
38 .8 -4  1 . 2  
4 1 . 3 - 4 3 . 7  
4 3  8 -46 .2  
4 6 . 3 - 4 8 . 7  
4 8 . 8 -  50 

Mid p o i n t  

X 

2 . 5  
5 . 0  
7 . 5  

1 0 . 0  
1 2 . 5  
1 5 . 0  
1 7 . 5  
2 0 . 0  
2 2 . 5  
2 5 . 0  
2 7 . 5  
30.0 
3 2 . 5  
3 5 . 0  
3 7 . 5  
4 0 . 0  
4 2 . 5  
4 5 . 0  
4 7 . 5  
5 0 . 0  

F 

164 
99 
74 
8 0  
51  
23 
26 
17 
18 
30 
3 

12 
4 
7 
7 
1 
1 
1 
2 

12 

4 1 0 . 0  
4 9 5 . 0  
5 5 5 . 0  
8 0 0 . 0  
6 3 7 . 5  
3 4 5 . 0  
4 5 5 . 0  
3 4 0 . 0  
4 0 5 . 0  
7 5 0 . 0  

8 2 . 5  
3 6 0 . 0  
1 3 0 . 0  
2 4 5 . 0  
2 6 2 . 5  

4 0 . 0  
4 2 . 5  
4 5 . 0  
9 5 . 0  

6 0 0 . 0  

of 
T o t a l  

5 .8  
7 . 0  
7 . 8  

11.3 
9 . 0  
4 . 9  
6 . 4  
4 . 8  
5 . 7  

1 0 . 6  
1 . 2  
5 . 1  
1 .8  
3 . 4  
3 . 7  
0 . 6  
0 . 6  
0 . 6  
1 . 3  
8 . 4  

1 
6 

2 5  
56 

100 
156 
225 
306 
400 
506 
625  
756 
900 

1056 
1225 
14 06 
1600 
1806 
2025 
2256 
2500 

984 
2475 
4 144 
8000 
7956 
5175 
7956 
6800 
9108 

18750 
2268 

10800 
4224 
8575 
9842 
1600 
1806 
2025 
4512 

30000 
1 

Mean 1 1 . 2  
Median 5 . 0 - 7 . 5  
S t a n d a r d  

D e v i a t i o n  1 0 . 3  

A-9 


